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At pressures above 10- 3 torr, propagation of a heavy ion beam in the target chamber may be altered by
beam stripping and background plasma effects. The FRIEZR beam simulation code has been used to model
these effects for both the conventional ballistic focusing mode and for various pinched propagation
schemes. Simulations of ballistic-focused beams at these densities exhibit the expected degradation in beam
spot size due to stripping, but this effect is moderated by the partial neutralization of beam space charge
by plasma produced by beam impact ionization. Pinched propagation requires that the beam is stripped
to a high charge state. This makes self-pinched propagation unlikely because the high charge state is
expected to result in extremely rapid beam-generated ionization, which will inhibit pinch current formation.
However, simulations show that if a dense plasma column can be created ahead of the beam, plasma
electrons will flow toward the beam head, creating a strong pinch current which confines the beam. One
method for creating such a channel is to use CO 2-laser breakdown of the target chamber gas.
INTRODUCTION
Heavy ion fusion target gain considerations make it necessary to transport the beams
several meters across the target chamber and focus them to a radius of "" 0.3 cm at
the target. Although ballistic transport in a hard vacuum is possible, most current
heavy ion fusion reactor designs 1 are expected to have gas molecule densities which
approach or exceed 3 x 1013 cm- 3 (or 10- 3 torr at room temperature.) At these
densities, it is still possible to propagate the ions along essentially ballistic orbits, but
perturbations due to the background gas become significant. 2 A fraction of the beam
is stripped to higher charge states, and is likely to miss the target. In addition, the
beam ionizes some of the gas, producing a plasma which may neutralize some of the
beam space charge; this introduces considerable complexity and raises the spectre of
disruptive plasma instabilities. 2
An attractive alternative is to propagate the ion beam in a pinched state at the
0.3 cm radius required at the target. 3,4 This requires a large plasma density to
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neutralize the space charge of the beam and sufficient pinch current to overcome the
beam emittance. Self-pinched propagation of intense relativistic electron beams is
well-established, but the analogous process in heavy ion beams will be difficult
because the generation of conductivity is expected to be so rapid that the pinching
beam current will be nearly cancelled by plasma return currents.4 One may set up
the pinch current externally using a laser-guided discharge or counterstreaming
electron beam. Here we propose a potentially more attractive pinched propagation
scheme using a laser or other method to create a preformed plasma channel ahead
of the beam. Simulations of such a system using the axisymmetric FRIEZR code
indicate that a potential wave propagates ahead of the ion beam and induces a plasma
electron current that pinches the ion beam head. Such a scheme has major advantages
for reactor design and may significantly relax accelerator requirements for both
longitudinal and transverse emittance.
2 FRIEZR BEAM SIMULATION CODE
FRIEZR is a fully relativistic electromagnetic simulation code that has been used
extensively to study intense electron beams moving through low-density gases and
pre-formed plasma channels. FRIEZR contains several specialized numerical features
which make it readily adaptable to heavy ion beam propagation. For this application,
FRIEZR creates stripped beam ions and "drop-off" electrons and creates plasma
electron-ion pairs to simulated beam-generated ionization. Both processes are treated
using cross sections from Gillespie and Janda5 for fast U + 1 ions impacting lithium.
In order to reduce computation time in these runs, the simulation electrons are given
an artificially high mass m: which is typically 16-100 times the true electron mass
me. For ballistic propagation, beam ions are given the appropriate focusing kick as
they pass the injection point. Ionization of the beam by x-rays from the target, a
process studied in detail by Langdon et al.,6,7 is neglected.
3 BALLISTIC FOCUSING SIMULATIONS
FRIEZR simulations were carried out using a 10-GeV bismuth beam with beam
particle current 10 == 2.5 kA, pulse length Tp == 20 ns, and normalized rms emittance
Cn == 1.4 X 10- 3 rad-cm. The rms beam radius ao at injection (z == 0) was 8 cm, and
the nominal target location was at z == 400 cm. The background gas was assumed
to be lithium with density ng • The initial charge Qo varied from + 1 to + 3. The
results are summarized below. The spot size as is the rms radius at the target location
(z == 400 cm), and the head, body and tail refer to beam slices at 4, 11 and 18 ns from
the beam head. For ng == 1014 cm - 3, more than half of the beam strips to a higher
charge state, accounting for the discrepancy between the simulation spot size and
the tabulated analytical value as(th) based on envelope equation solutions with no
charge stripping. However, the plasma is providing significant space charge neu-
tralization, as indicated by the tabulated range of the line density ratio NpiN b when
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TABLE 1
FRIEZR Ballistic Focusing Simulations
Qo nicm - 3 ) aihead) as(body) as(tail) as(th) -Np/Nb
1 5 X 1013 0.26cm 0.25 cm 0.23 cm 0.21 0.30-0.45
1 1 x 1014 0.30 0.23 0.22 0.21 0.40-0.85
2 1 x 1014 0.59 0.38 0.31 0.23 0.20-0.90
3 1 x 1014 1.20 0.72 0.50 1.10 0.30-0.80
the beam head is 1 m from the target. The observed decrease in spot size as one
moves from the head to the tail is due to the accumulation of neutralizing plasma.
The neutralization mechanism is different in different regions and qualitatively follows
the picture suggested by Olson. 2
4 COLLISIONLESS PINCHED PROPAGATION
As discussed in the introduction, pinched propagation is generally thought to require
sufficient resistivity to inhibit plasma current flow that would cancel the pinch current
generated by the beam. However, FRIEZR simulations of a beam injected into a
pre-existing plasma column or channel suggest a new mechansism that may be
practical for heavy ion fusion. The simulations used a channel radius ac and charge
density nc comparable to that of the ion beam so radial motion of the plasma column
quickly neutralized most of the beam space charge. In addition, electrons in the
plasma column in the region ahead of the propagating ion beam were drawn towards
the beam head, resulting in a plasma current comparable to the beam current. This
current caused the beam head to be pinched so strongly that the beam radius
contracted during propagation.
Typical simulations propagated a 10-GeV ion beam with Qo = 50, 10 = 0.1 kA,
Qolo = 5 kA, m:/me = 100, en = 10- 3 rad-cm, Lp = 10 ns, and ao = 1 cm into a plas-
ma channel with radius ac = 1.5 cm and a total charge of 5-10 times the beam charge.
In order to reduce the computational cost of resolving the electron plasma frequency,
the simulations were run with a much lower beam and channel density than would
be used in an HIF reactor. Figure 1 plots the beam and net currents I b(Z) and I n(z)
at time t =6 ns. In exceeds 10 kA at the head of the beam which is more than sufficient
to pinch the ion beam. In in the beam body is approximately equal to lb. The beam
half-current radius a 1/ 2 at t = 0 and t = 6 ns is shown in Figure 2. (The half-current
radius is usually a more useful diagnostic than the rms radius in pinched-beam
simulations.) Oscillations in the beam radius and structure in ion beam phase space
plots suggest the presence of a two-stream instability; however, these preliminary
results suggest that the instability is not disruptive. This is consistent with early
studies8 of ion-beam-induced instabilities.
We have considered several possible schemes using lasers, electron beams or



























FIGURE 1 Plot of beam current (solid line) and net current (dashed line) versus z at t = 6 nsec from a
FRIEZR simulation of an ion beam propagating in a pre-formed channel. The position z = 0 is defined as
the end of the 100 em long pulse at t = O. The net current exceeds 10 kA in the beam head (z ~ 150 cm)
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FIGURE 2 Plot of beam half-current radius a1/2 at t = 0 (solid curve) and t = 6 ns (dashed curve) versus
z for the simulation shown in Figure 1. The beam remains well-pinched throughout the pulse.
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nc "'" 1013 to 1014 cm - 3. Multi-photon ionization of a trace species using a short-
wavelength laser is one option. Another option is to use CO2 laser-initiated break-
down at a gas density of 1016 to 1017 cm- 3 . At these densities, the electron avalanche
ionization rate is much faster than the diffusion rate, so hot, narrow plasma channels
can be formed. Hydrodynamic expansion of the hot plasma column forms a
reduced-density, long-lived, highly ionized channel surrounded by a denser shielding
gas.
If the pinch current In is limited to a few kA, prestripping the beam to Q > 50
using a foil or gas puff is essential to provide sufficient J x B pinch force for any
pinched propagation scheme, given expected values of beam emittance. If Qo is low,
the weakly pinched beam will be degraded substantially during the early stages of
propagation, even if the background gas eventually strips it to a high charge state.
An alternative scheme would employ a relativistic electron beam injected from the
opposite side of the target to pinch the ion beam, an idea first proposed by Yu and
Lee3 for ng "'" 1017 cm - 3. However, we believe it is preferable to work in the
lower-density ion-focused regime, where the plasma is nearly collisionless and
electron beams are known to propagate in a stable manner. Two-stream instabilities
are again a concern, but preliminary analysis suggests that they will not be disruptive.
One practical consideration is that the electron beam will probably have to propagate
through a portion of the target.
Some thought was given to the possibility of a collisionless self-pinch scheme based
on massive ionization of a low-density gas by the beam and anomalous resistivity9
to inhibit plasma return current flow. Analytical and simulation studies indicate this
strategy will not be effective.
5 SUMMARY
Beam propagation is heavy ion fusion target chambers has been investigated in the
regime above 10- 3 torr. Both ballistic propagation and pinched propagation appear
possible. Pinched propagation in a preformed overdense plasma channel, which does
not work for relativistic electron beams, appears possible for heavy ions because
currents may be induced ahead of the beam which result in a strong pinching plasma
current.
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